We explore the formation of multipolar structures in planetary and pre-planetary nebulae from the interaction of a fast post-AGB wind with a highly inhomogeneous and filamentary shell structure assumed to form during the final phase of the high density wind. The simulations were performed with a new hydrodynamics code integrated in the interactive framework of the astrophysical modeling package SHAPE. In contrast to conventional astrophysical hydrodynamics software, the new code does not require any programming intervention by the user for setting up or controlling the code. Visualization and analysis of the simulation data has been done in SHAPE without external software. The key conclusion from the simulations is that secondary lobes in planetary nebulae, such as Hubble 5 and K3-17, can be formed through the interaction of a fast low-density wind with a complex high density environment, such as a filamentary circumstellar shell. The more complicated alternative explanation of intermittent collimated outflows that change direction, in many cases may therefore not be necessary. We consider that the wind-shell interaction scenario is more likely since the bow-shock shape expected from a strongly cooling bow-shock from jets is different from that of the observed bubbles. Furthermore, the timescales of the wind-wind interaction suggest that the progenitor star was rather massive.
INTRODUCTION
Some planetary nebulae and especially pre-planetary nebulae have been found with complex multipolar structures that do not fit into the spherical interacting wind scenario (Kwok, Purton & Fitzgerald, 1978) or its generalized version that incorporates the bipolar structures by introducing equatorial density enhancements (Kahn & West, 1985) . Especially Hubble 5 and K3-17 are peculiar, since they have large bipolar and clearly distinct multiple smaller secondary lobes (Figure 1) .
A number of possible scenarios for multipolar structures in planetary and pre-planetary nebulae have been proposed. They can be divided into three main categories. First, those with episodic ejections of collimated bipolar jets in changing e-mail:wsteffen@astro.unam.mx directions (e.g. López, Meaburn & Parker, 1993; Sahai & Trauger, 1998) . Second, the effects of illumination through density holes (Kwok, 2010; Koning, Kwok & Steffen, 2013) or dynamical effects caused by illumination (García-Segura , 2010) and, third, differential expansion of an uncollimated wind into a circumstellar density distribution with holes or cavities (this work).
The first scenario produces a clear signature of pointsymmetry, which often can be easily identified. Likely examples for such objects are KjPn8 (López et al., 1995) or NGC 2440 (López et al., 1998) . Manchado, Stanghellini & Guerrero (2006) found several similar objects in a survey and introduced the classification of "quadrupolar" for them. Even higher multiplicity of the lobes is found in the so-called "starfish" nebulae, such as He 2-47 and M1-37 and similar objects. They have also been attributed to the ejection of collimated jets in different directions (Sahai, 2000) . Some of them (e.g. He 2-47, IRAS 19024+0044) might have multiple lobes that appear to come in pairs, which supports such a mechanism, but others, such as M1-37 or CPD-568032, present much more unevenly sized lobes (Chesneau et al., 2006) . Hubble 5 and K3-17 have an overall bipolar structure, but present multiple secondary lobes emerging from the core and appear in apparently random directions, which lead López et al. (2012) to suggest that the secondary lobes were formed when the dense, thick core broke up.
The formation of bipolar planetary nebulae has been studied in detail by many authors (see e.g. the review by Balick & Frank, 2002 , and references therein). The formation of multipolar PNe and PPNe has been studied as a consequence of the ejection of collimated jets by Velázquez et al. (2012) . However, to our knowledge the dynamical formation of secondary lobes as a result of a circumstellar environment with complex structure has not been addressed numerically before. We will therefore concentrate on the mechanism to form secondary lobes in the presence of large-scale bipolar lobes.
It is not obvious whether the secondary lobes can be produced in the presence of large-scale bipolar lobes, because the latter might function as "exhausts" or pressure drains preventing the expansion of the secondary lobes. Furthermore, the main lobes of Hubble 5 show signs of pointsymmetry, hinting at a mixed case, where a collimated flow might be producing the main lobes at an oblique angle with a pre-existing equatorial density enhancement or a short collimated ejection is interacting with preexisting bipolar lobes. We therefore perform numerical experiments to test these scenarios for the formation of secondary lobes and try to set limits on the conditions that are necessary for them to form.
The origin of the complex structure could either be instabilities in shells in the AGB wind, e.g. due to dissociation fronts in low-mass central stars (García-Segura , 2010) or thin-shell instabilities in expanding wind shells (Vishniac, 1983) . Potentially, the turbulent structure of the AGB atmosphere itself, such as those found in simulations by Freytag & Höfner (2008) might find their signature in the circumstellar envelope, although the timescales of a few years for the turbulence is much shorter than the envelope formation (hundreds of years). Observations of detached AGB shells show that many are indeed clumpy and filamentary (Cox et al., 2012) . It is therefore reasonable to assume that any dense spherical shell will be filamentary at smaller radii, since this implies shorter time scales and therefore a stronger imprint of instabilities and atmospheric turbulence in the shells. The interaction of a low density stellar wind or thermal high pressure bubble with the filamentary shell will then necessarily produce a complex structure.
Spatially resolved detached shells around AGB stars have been found at distances of the order of 0.1 parcsec (Izumiura, et al., 1996; Cox et al., 2012) , which is of the same order as the size of pre-planetary nebulae. The size of the region from which the secondary lobes in Hubble 5 emerge, appear to be of the same order of magnitude (assuming a rather uncertain distance of more than 3 kpc, Pottasch & Surendiranath, 2007; López et al., 2012) . In this paper we therefore explore the formation of multipolar PNe and PPNe from the interaction of a fast low-density wind or high pres- sure bubble with a thin spherical shell of uneven density distribution that has a radius of a few times 10 14 meters. The particular questions that we address in this paper are: Can multipolar structures be generated by a spherical fast wind that is interacting with a highly clumpy or filamentary dense shell-like structure around the central star? Can such a model produce secondary lobes in the presence of a dominant bipolar structure similar to those in the planetary nebulae Hubble 5 and K3-17?
INTERACTIVE HYDRODYNAMICS IN SHAPE
The hydrodynamical simulations have been done with a new hydrodynamic code that has been incorporated in the SHAPE 3D modeling and visualization environment. We present our prototypical hydrodynamics module which takes the initial and boundary conditions from the 3-D environment. The spatial distribution of the initial physical conditions, such as density, temperature and velocity, is set up interactively and does not require any programming by the user. More information on SHAPE and the hydrodyanmics module, including code test simulations, can be found on the "Learning Center" page of the ShapeSite at http://www.astrosen.unam.mx/shape. SHAPE is an astrophysical modeling software package that has extensively been used for 3-D morpho-kinematic modeling of planetary nebulae (e.g. García-Díaz et al., 2012; Chong et al., 2012; Santander-García et al, 2012) and similar astrophysical objects such as nebulae around novae (Ribeiro et al., 2011) . The model geometry, velocity field and parameters for radiation transfer are set up interactively in a similar fashion as is common in computer aided design (CAD) or engineering software (Steffen et al., 2006 (Steffen et al., , 2011 using polygon mesh objects that are filled with physical properties as functions of position. These functions of position can either be given as analytic functions or manually set Bezier curves. These can be based on external data or points that have been introduced interactively via the graphics interface. Similarly time variability of parameters is introduced through similar functions in a special animation module, that also allows control of output as a function of time.
Numerical scheme
In an effort to take this interactive simulation framework a step further, we have incorporated a hydrodynamical module that solves the basic inviscid compressible Euler equa- tions for the conservation of mass, momentum and energy as given in Equation (1) on a regular grid.
In these equations U is a vector with the so-called conserved quantities and F , G and H are the conserved fluxes along the cartesian coordinate directions x, y and z, respectively, as given in Equations (2 -5). In the latter equations u, v, and w are the velocity components along the coordinate directions, respectively. S represents sources and sinks of the "conserved" quantities and t denotes time.
The set of Euler equations is closed by the equation of state of for an ideal gas. Cooling is included via a parameterized cooling curve as a function of temperature and density.
Since in this study we are interested in the qualitative aspects of the formation of multi-polar structures, rather than in a quantitative comparison of physical properties with observed objects, we have introduced an efficient simplified treatment of radiative cooling. It is a simple analytic function of temperature roughly approximating the cooling curve by Dalgarno & McCray (1972) by three straight lines in logarithmic space of temperature and energy loss. The initial footpoint is at 10 4 K, below which we assume the cooling to be negligible, i.e. photoionization equilibrium is assumed once the gas has been shock-heated. The peak is at 10 5.5 K and freefree emission takes over at temperatures higher than 10 7.5 K. The final energy loss per unit volume is then computed from S cool = n 2 Λ(T ), where Λ is the cooling curve, n is the number density of particles (assumed fully ionized) and T is the temperature.
The numerical scheme follows that of Raga, NavarroGonzález & Villagrain-Muniz (2000) except that it currently runs on a regular grid without adaptive mesh refinement. The method is a finite volume upwind shockcapturing Godunov scheme. The intercell fluxes are calculated with the flux-vector splitting of van Leer (1982) . To achieve second order accuracy we do linear reconstruction of the primitive variables with slope limiters (van Leer 1974) . Although the method is somewhat diffusive, we need to introduce an artificial viscosity to control the numerical artifacts that otherwise occur due to strong shocks propagating aligned with the coordinate axes. The viscous term is of the form η∇ 2 U , with a value of η = 10 −4 . We used a CFL (Courant, Friedrichs & Lewy 1967 ) number of 0.4 in all the models.
The code was implemented in object-oriented Java and was parallelized using threading for multi-core CPUs. Realtime interactive pre-visualization allows the user to follow the simulation as it progresses and at the same time rotate and fly-through the 3-D volume rendering of density, pressure, temperature and velocity. More detailed analysis and visualization, such as spectral line images, P-V diagrams as well as other diagnostic graphs can be displayed in other SHAPE modules at any time.
Interactive setup and boundary conditions
In computer aided design or computer animation for the media industry 3-D applications heavily rely on interactive modeling and real-time (pre-)visualization of 3-D objects and scenes. Often they also include complex physical computations, including particle and fluid dynamics. Fluid dynamical simulations can interact with the ambient objects in very complex ways. The setup of such simulations is done in an interactive interface, which allows quick pre-visualization of the progressing simulation. This allows the user to easily change the initial setup or apply modifications while the simulation is running. Furthermore, complex time variability can be set up within the interactive animation modules, allowing a graphical representation and manipulation of simulation parameters as a function of time.
In SHAPE we have adopted a similar approach, where all necessary parameters and elements in the environment are set up in an interactive fashion while still allowing an algebraic description via a symbolic math interpreter (Steffen et al., 2011) . Initial "primitive" mesh objects such as spheres, cylinders or cubes are added to the scene and then modified and positioned to yield a more complex structure. The mesh represents the bounding volume of an object and may be filled or used as a shell. A distribution of physical parameters, such as density and velocity, is then applied as a function of position and time. An example cut through the 3D turbulent noise structure that has been used for the dense shell. This pattern would fill the complete computational domain, but the shell uses only the section that fills its volume enclosed by a polygon mesh. The main parameters for the filaments are the size scale of the structures and an exponent that controls the density contrast between the filaments and the voids. Since all structures are quasi-random, the exact structure and location of features is not determined by the user. However, the complete pattern can be shifted along the coordinate axes by any amount.
Initial and internal boundary conditions are set up as mesh objects in the 3-D modules. Any object can be used as an initial or internal boundary condition, according to the setting of a corresponding flag. For an object that is used only as initial conditions, the space it occupies is set to its properties only at the beginning of the simulations, while for an internal boundary condition, the corresponding grid cells are reset after every timestep. The boundary conditions at the edges of the computing domain in all simulations have been set to be gradient free (outflow).
HYDRODYNAMICAL MODELS
We consider the interaction of a constant tenuous fast wind of mass-loss rateṀw and velocity vw. This wind interacts with an environment that has been created from a variable AGB-wind ofṀ agb (t, θ, φ), where t is time and θ and φ are the azimuthal and polar angles on a sphere around the central star, respectively. Figure ( 2) shows a schematic description of our setup. Typically the expansion velocity of the AGB-wind is of order 15 km s −1 , while the fast wind can have velocities up to the order of 2000 km s −1 (Sánchez Contreras & Sahai, 2001) . Considering the limited spatial resolution and size ratio between the smallest and largest structures in the simulations, we want to reduce the expansion of the dense shell with respect to the lobes as much as possible. Therefore the velocity of the ambient medium is initially set to zero. The density of the ambient medium, and . Rendering of models S2 (left) and S3b with the emission measure from cool dense gas color coded in red and free-free emission from gas with a temperature higher than 10 6 K coded in blue. A color version of this figure is available in the electronic version of the paper.
in particular that of the dense filamentary shell, is chosen such that the speed along the line of sight of the bipolar lobes roughly corresponds to that observed in Hubble 5, which is of order 200 km s −1 . The key hypothesis for this paper is that the shock produced by the wind interaction propagates at speeds that are highly dependent on the direction due to the changing density gradient between the AGB-and the fast wind. Furthermore, we assume that the main interaction occurs with a filamentary thick high density shell with a local density ρ ( r). Therefore, let us consider the expansion speed of a wind shock as a function of locally changing AGB wind density ρ( r). The expansion speed vs of the shock at a distance r is then
where ζ = 1 and ζ = 9/16 for an isothermal and adiabatic shock, respectively (Steffen & López, 2004 ). In the case of an isotropic fast wind the velocity ratio is thus determined only by the corresponding density ratio. The ratio of expansion speed at two different positions r1 and r2 will then be
Here we assumed that the ζ parameter is the same for both shocks. Kinematic observations of the secondary lobes and the inner high density regions of Hubble 5 show that the expansion speed of the secondary lobes is around 100 km s −1 , where as the bright high density central region probably expands at less than 30 km s −1 . Subtracting a typical 15 km s −1 velocity from the original AGB wind speed, from Equation (7) it follows that the density ratio between the voids where the bubbles escape and the constraining filaments should be at least of order 50.
Similarly, if the velocity of the fast wind is around 1000 km s −1 (appropriate for a high mass central star like the one expected in Hubble 5, Pottasch & Surendiranath, 2007) , and with a typical expansion speed of a bubble of order 100 km s −1 , then the density ratio between the wind and the voids has to be of order 100 or more. Hence, combining the density contrast between filaments and voids, the ratio between the filaments and the fast wind has to be of order 5000. Most of the shell mass is therefore concentrated in the filaments and will remain near the central star rather than expand with the bubbles. The extreme density contrast between the inner and outer regions explains the very high brightness contrast between the inner region and the bubbles in objects such as Hubble 5 and K3-17.
The hydrodynamic models were set up in the 3D-module of SHAPE with two different spherical mesh objects: the dense AGB wind, assumed static for all simulations, and the low density fast wind imposed at every time step within a spherical region of radius 2 × 10 14 m. The cubic computational domain has a physical width of 1.0 × 10 15 m. The AGB wind setting is applied as an initial condition.
The density ρw within the internal boundary condition for the fast wind is set such that it provides an "equivalent" mass-loss rate ofṀ at the equator. In the models where the wind density and velocity vary with the angle from the equator θ, we have chosen interpolation functions between the equator and poles that allow control about how the density and velocity smoothly change with direction. Note that the direction of gas motion is kept radial. The density and velocity are then given by the following equations:
where vw0 is the wind speed at the equator and r is the distance from the star, whereas aρ, bρ, av and bv are constant parameters of the interpolation from the equator to the poles. The details of the transition between the slow and fast winds as a function of time are largely unknown. However, the timescale for the transition appears to be short for massive progenitor stars, i.e. less than a hundred years as derived from the kinematics of proto-planetary nebulae (Sánchez-Contreras & Sahai, 2001; Bujarrabal et al., 1998; Cox et al., 2000; Trammel & Goodrich, 2002) . This is a small fraction of the kinematic age of Hubble 5 (of order 1000 years). Therefore, we make an instantaneous change from slow to fast wind and parameterize the AGB-and post-AGB winds separately. The AGB-wind is set as an initial condition and the fast wind as an internal boundary condition at the numerical injection distance r0 with velocity v(θ) and density ρw(θ) as a function of angle θ from the equator. The direction of the velocity is assumed to be radial from the central star.
where ξ is the density ratio between the AGB-and post-AGB wind at distance r0. The ambient density ρa is
where ρs( r) is a density enhancement in a shell as defined below. The dense inhomogeneous AGB-shell with density ρs, that we postulate to be the main cause of the multipolar structure in our model, is added to the smooth AGB-wind as a shell with a Gaussian Envelope as a function of distance r with peak density at rs = 2×10 15 m. The density distribution is modulated with a filamentary "turbulent" noise structure turb p (x, y, z) as described in the next section (3.1).
where
Here η is the peak density ratio between the smooth AGBwind and the AGB-shell, w, b, c and q are constants that determine the smooth density variation of the shell as a function of distance and angle from the equator.
Filamentary structure of the AGB-shell
There is evidence that the mass-loss of AGB stars is highly structured (Cox et al., 2012) in addition to any systematic density gradients from the equatorial plane to the poles. Therefore the propagation of the ensuing low-density fast wind through this local environment will depend on the direction with respect to the center of the star. The type of structures that will emerge from the wind-wind interaction will strongly depend on the angular scales and density contrast of the random variations. The origin of complex density variations may be various, such as instabilities (García-Segura 2011) or possibly the large-scale turbulence of the AGB stellar atmosphere (Freytag & Höfner, 2008) . In this paper we will not explore the origin of the density variations, rather than whether such variations can produce the observed multi-polar PPNe or PNe and what are the main properties of the density variations that produce these structures. This might shed some light on the possible mechanisms responsible for such structures. In order to generate the inhomogeneous structure of the dense AGB-shell in our numerical experiment, we employ a noise generation technique common in computer graphics. For this work we chose to test different representative noise patterns based on Perlin noise (Perlin, 2002) . For the generation of secondary bubbles the sparse convolution algorithm by Lewis (1989) (Figure 3 ) turned out to be the most suitable with a pattern that is reasonably realistic in the astrophysical context when used together with the turbulence emulating function given in Equation (13).
(13) Here noise(x, y, z) is the improved Perlin procedural noise (Perlin 2002) . The parameters k and st determine the complexity and the spatial scaling of the turbulence pattern, respectively. They are controlled by the user. To obtain the turbulence pattern the background density is multiplied by the turb p (x, y, z) function, which is valued in the interval [0,1]. The exponent p controls the contrast level in the density distribution.
The sparse convolution noise can be set to show a filamentary structure that resembles that of a "Swiss cheese" (Figure 3 ). Compared to other common noise generators, this algorithm has the additional advantage of showing fewer regular grid artifacts. Since it is generated on a regular cartesian grid, some grid alignment effects remain, which leads to some bubble structures that are stronger along the x,y,z axes. The true structure of the AGB wind is likely to be more compressed as a function of distance from the star, but the most important element here is the angular distribution of structure, since the fast wind will basically sweep up and flatten the structures along the radial directions. The key parameter that we vary is the density contrast between the voids and filaments and the overall scale of the structures.
RESULTS

Starfish nebulae
First of all we explore the influence of the size scale of the filamentary structure of the dense AGB-shell on the shape of the expanding fast wind. The starfish models have been computed with a grid of 160 3 cells. The smooth background AGB wind was assumed to have a mass-loss rate of 5 × 10 −8
M yr −1 , whereas the peak mass-loss rate in the dense shell is formally 2500× higher, resulting in 1.25 × 10 −4 M yr −1 . For the given filamentary structure, the actual mass-loss rate is 2-3 times smaller, since the algorithm to generate the density structure of the shell locally scales down the density by a factor 1. The parameters that vary among the models are listed in Table 1 . In order to maintain the ambient medium stationary during the simulation, except for the interaction with the fast stellar wind, initially the pressure has been set constant through the computational domain at 2 × 10 −12
Pascal.
Figure (4) shows how the starfish structure changes with increasing size scale of the filamentary structure in the dense shell. If the size scale is much smaller than the radius of the shell only small bubbles appear which merge and barely allow the formation of individual bubbles (Model S1). If the size of the voids becomes of similar scale as that of the shell radius, then the structure can have the appearance of almost a single irregular bubble that is highly asymmetric (Model S5). Models S3 and S3b are different realizations of the same noise statistics of the dense shell. They illustrate the variation or similarity of two models with the same general parameters, but different random filament positions.
As the size scale of the structures in the dense shell decreases, as expected, the size of the bubbles becomes smaller, its number larger and the overall shape of the nebula more spherical. In Model S1 most bubbles already begin to merge. In models with even smaller structures (not shown), most bubbles merge and hardly escape from the dense shell which is also accelerated by the fast wind. The small merging bubbles appear like an irregular low-density halo around the high density shell.
Although it is not a big surprise, it is worth noting that the smaller the size scale of the void structure of the dense shell, the slower is the expansion of the bubbles compared to the expansion of the constraining filaments. This can be clearly seen in Figure (4) , where the ratio of the bubble size to that of the dense shell increases from Model S1 to S5. Due to the relatively stronger expansion of the shell for smaller void structures, the peak density of the shell at a given time is smaller compared to the cases with larger bubbles.
Since X-ray emission is an important diagnostic tool for the dynamics and energetics of PNe, in Figure (5) we show images with the expected soft X-ray emission for hot gas of temperature above 10 6 K (blue shading). The strongest emission is found from the wind interaction zone in the interior of the bubble. However, shocks inside the bubbles do also show some X-ray emission. Since much of the dense shell might contain dust and hence absorb most of the Xrays from the interior of the shell, the bubbles might be of comparable or higher X-ray brightness than the interior.
We conclude that starfish nebulae can be formed by a spherically symmetric fast stellar wind interacting with a dense filamentary shell, that might have its origin in the final stages of the AGB mass-loss period.
Bipolar nebulae
The main goal of this paper is to find a model capable of producing a large-scale bipolar nebula with small secondary lobes near the waist of the bipolar, similar to those observed (11) show some of the simulations that we performed. These have been selected, because they all show one or more features that have actually been observed or that we consider of general interest. In most figures one particular view is shown of the density integrated along the line of sight together with a long-slit position velocity diagram (P-V diagram). To obtain the P-V diagrams a simulated spectroscopic slit was placed along the main axis of the dense shell, which in most views coincides with the direction of the bipolar. For best appreciation of the secondary lobes, in the images and P-V diagrams the stationary outer regions of the low-density AGB-wind has been filtered out before the rendering. The specific parameters of each model are listed in Table 2 . The bipolar models have been computed to a size that is still about a factor of approximately three smaller than the actual size of Hubble 5 and represent the initial stage of the evolution. This was necessary to resolve the filamentary structure with the 256 3 grid used in all the bipolar models. The similarity between the observations and the simulations in terms of structure and shape of the positionvelocity diagram is striking. See, for example, Model B9 in Figure (6) . The bipolar bubble structure with the secondary Figure 7 . Model B6. The gray-scale is the same as that in the previous figures. Figure 8 . For Model B2 the emission measure for cool high density gas is color coded in red and the diffuse free-free emission as a measure for the expected X-ray emission is coded in blue. The X-ray emission has been smoothed with a gaussian kernel to simulate the lower spatial resolution of X-ray observations. bubbles is very similar to that of Hubble 5 (Figure 1) . The P-V diagram clearly shows that expansion of the nebula is non-homologous, since the outline of the spectrum is very different from that of the image. Model B9 also shows a very complex array of secondary lobes. Several of these have merged with the main lobes, similar to what was found for Hubble 5 in the morpho-kinematic model by López et al. (2012) .
Model B6 in Figure (7) is noteworthy because of its sim- ilarity to Hubble 5 and K3-17 in terms of its slight pointsymmetry and small-scale features. The point-symmetry is due the an inclination of the fast wind axis with respect to the axis of symmetry of the dense shell. The effect of this tilt is, however, much less than expected, with only a light S-shaped distortion or point-symmetric bumps in bipolar lobes, which otherwise continued to be well aligned with the Figure 11 . Image of Model B15. The gray-scale is the same as that in the previous figures.
axis of the dense shell. The reason of the relatively small distortion of the bipolar structure is that the collimated outflow is readily redirected towards the main axis by the interaction with the denser regions of the shell. The high density "streamers" in the P-V diagram that emerge from the high density shell, are due to the acceleration of the high density filaments. Similar streamers have been observed in Hubble 5 .
In Figure (8) we have rendered the expected free-free emission of the gas with temperature above 10 6 Kelvin as a measure for the expected X-ray emission. This emission is shaded in blue, whereas the cool dense gas is shaded in red. Note that, as opposed to the case of the starfish models ( Figure 5 ) in the bipolar model the X-ray emission is strongest in the bow-shock regions of the main lobes and is likely to dominate with respect to the central region.
Model B2 in Figure (9) is notable because of its apparent multiple outflows inside and outside of the main bipolar. This is due to the higher density contrast between the filaments and the voids in the dense shell. The view shown in the right panel has similarities to the structure of NGC 7026 (Clark et al., 2012) , suggesting that the origin of the multipolar appearance of this object might be found in the interaction of the fast stellar wind with a dense AGB-shell with a complex structure. NGC 7026 does not show small secondary lobes that would be as conspicuous as those in Hubble 5. This might indicate that in NGC 7026 the density contrast between filaments and voids is not high enough in the equatorial region.
Model B14 in Figure ( 10) shows a very complex array of secondary lobes. The fast wind velocity is this model is lower than in the others and the cooling of the bipolar shock wave is very strong. The wind is strongly collimated by the dense shell and the main bipolar lobes do not expand much laterally and develop a more jet-like appearance.
Finally, Model B15 in Figure ( 11) has a particularly high mass-loss rate resulting in a denser ambient medium and strongly collimated jet-like fingers very reminiscent to those in CRL 618 and similar objects. Most notably, in this model the fast wind is completely spherically symmetric. The collimation of the jets is entirely due to the interaction with the dense shell and its void structures. Hence, no mechanism for jet formation near the central star or even precession or intermittency of ejection in different directions is required as has been proposed (e.g. Velázquez et al., 2011; Lee & Sahai, 2003) .
DISCUSSION
We performed hydrodynamical simulations to explore a possible formation mechanism of multiple lobes in planetary nebulae. In particular we investigate nebulae that show a large scale bipolar structure with small secondary lobes, such as those in Hubble 5 and K3-17. The proposed formation mechanism is based on the expansion of a fast low-density wind through a filamentary high-density shell at some distance to the central star.
We find that an inhomogeneous shell around a post-AGB star with a low-density fast wind can generate multipolar nebulae if the structure of the shell consists of high density filaments with voids in between. The density con-trast between the filaments, the voids and the fast wind has to be such that the expansion speed of the filaments remains much lower than that of the voids after being shocked and accelerated by the wind. Filaments with lowest density may be accelerated to form part of the bipolar lobes or expand at an intermediate speed to form filaments within the main lobes engulfed and compressed by the fast wind. Such medium density filaments can produce strong deformations of the bipolar lobes.
The result of the wind-shell interaction is a starfish nebula if the spherical dense shell and the fast wind have no systematic change of density and velocity as a function of angular distance from the equator. The size and expansion speed of the individual lobes varies, depending on the details of the void density distribution in the dense shell. In cases where the void structure approaches the size of the shell, individual lobes may be significantly larger than the others and produce a structure dominated by a single lobe.
In order to generate the bipolar structures similar to those of Hubble 5 and K3-17 it is not necessary that the fast wind be collimated, only a poloidal density gradient in the dense shell is required. However, to produce a bipolar of a shape very similar to those observed in Hubble 5 and K3-17 with their secondary lobes, we always needed a wind with a velocity gradient from the equator to the poles. Furthermore, to produce the necessary shape of the lobes and at the same time the secondary lobes, the lobe expansion must be sufficiently fast such that the cooling time is of the order of the expansion time. This smoothes the filamentary structure and reduces the irregular expansion of the lobes. To achieve this, the wind has to be very fast and rather dense or the mass-loss rates smaller than what would be expected for the late AGB. Otherwise the strong cooling produces bipolar structures that are much more collimated than the lobes of Hubble 5 and K3-17. This is consistent with a high mass progenitor star.
The influence of cooling is very strong on the overall structure, since the shell with a density gradient produces strong collimation of the fast wind. If the velocity of the fast wind is such that the expanding shock is strongly cooling, then the bipolar structure will be very narrow, similar to CRL 618. In order to generate wide lobes as in Hubble 5 or K3-17, the initial expansion must be adiabatic and the cooling must occur on the timescale of the nebula's lifetime. This is, however, only possible if the fast wind drastically reduces its power shortly after the initial interaction with the dense shell. Otherwise the adiabatic expansion will continue, since the density outside the shell probably drops faster than r −2 . We therefore conclude that the most powerful phase of the fast wind persists only for times of a hundred years or so. This, again, might be an indication for a massive central star (Schönberner & Steffen, 2007) , consistent with the 5 M estimated by Pottasch & Surendiranath (2007) .
If the average size scale of the voids in the dense shell is smaller than the shell thickness, even though there are more voids, the number of lobes in a starfish nebula may become smaller. The smaller lobes become suppressed, since they may have to percolate through several voids to finally emerge. As the fast wind percolates through the small voids a warm and diffuse halo forms around the cold dense shell.
In López et al. (2012) we presented a 3D morphokinematic model for Hubble 5 based on a detailed data set of long-slit spectra and HST imaging. The model showed several results that where unexpected from a visual inspection of the data. First, the bipolar structure has large pointsymmetric bumps along the line of sight, such that they are not visible in the image. These bumps have been attributed to an oblique bipolar collimated outflow that interacts with the main lobes at the same time generating the high brightness "S"-structure that flows along the main lobes. It is, however, not immediately obvious whether the bipolar lobes and the point-symmetric bump can be formed from a single outflow that is inclined with respect to the equator of the high density shell or whether the main lobes and the bumps where formed by separate outflow events with differing directions. This work shows that such point-symmetric bumps can be produced with the same inclined bipolar outflow. No second highly collimated jet is necessary.
Second, in the morpho-kinematic model there are at least two, probably more, secondary lobes that have merged with the main lobes, such that they are visible only as bumps or silhouettes on the main lobes. The model also has secondary "half" lobes sitting on the main lobes. Similar structures have been found in our hydrodynamic simulations, confirming the interpretation of these structures as secondary lobes. They are best seen in Figure (6 ). This shows that the multiplicity of the secondary lobes is likely even higher than that derived from those that are clearly separate from the main lobes. A detailed study of the secondary lobes and a high resolution imaging and spectroscopic study of the dense shell might provide information about the ejection process and, possibly, about the atmospheric turbulence in the stellar atmosphere before the ejection of the dense shell.
CONCLUDING REMARKS
The main conclusion from this work is that secondary lobes in planetary nebulae, such as Hubble 5 and K3-17, can be formed through the interaction of a fast low-density wind with a complex high density environment, most likely a filamentary circumstellar shell. This provides a natural and simple alternative scenario that does not require intermittent precessing collimated outflows. The results do also suggest that the progenitor of the central star was rather massive, above about 5 M .
